Abstract: An in-pipe microrobot, which was developed by modeling the walking motion of an earthworm, is described in thk paper. The robot is composed of three locomotive units; a nnit corresponds to a segment of ian earthworm and is composed of two metal plates connected with a Flexible Micro Actuator (FMA) and four linkages with a projeclion. The robot moves the linkages as the legs and walks when the FMAs are actuated by the air pressure. The maximum walking speed, 2.2mm/sec, and the maximum traction load, 0.22N, were obtained from the driving experiments in a pipe 20" in Qamieter. The walking speed was also theoretically analyzed by t,aking: acconnt of the delay of shrinking of FMA, and the results agTeed well with the measured values.
Introduction
In our present society we are never able to live without the institutions like nuclear power plants and petrochemical plants. It is then important to keep the safety of them. The inspection and repair of them are also required to prevent fatal accidents. But it is very difficult for us to accomplish these operations by ourselves because they are in a dangerous emvironment.
Some robots walking in relatively large diameter pipes where we cannot work have been But small robots have not been develaped which can walk in a pipe whose diameter is smaller than 2Omm,, yet. In addition, there are many L-shape bends, U-shape bends and T-shape connections in generally used small diameter pipes. It is hence required to develope a new flexible micrlorobot for the maintenance of such small diameter pipes.
To develope such a new flexiible microrobot, an earthwormtype walking machanism (EWM) is proposed in this paper. The walking principle of the new mechanism is based on the walking principle of an earthworm. To verify the effectiveness of EWM, a prototype 2 0 " in diameter and 83" in length was made and the walking characteristics were experimentally and theoretically examined.
An Earthworm-type Walking Mechanism

Modeling of the Walking Motion of an Earthworm
Analysis of the walking motion of an earthworm is helpful for us to develope a new in-pipe walking mechanism. An earthworm is composed of many segments, and each of them is composed of cricoid and longitudinal muscles as shown in Fig. 1 . When the longitudinal muscle shrinks, the segment becomes short and thick. When the cricoid muscle shrinks, the segment inversely becomes long and thin. An erathworm walks by continuously propagating the alternate longitudinal and cricoid muscle shrinks as shown in F i g 2 This motion is called the vermiculation of an earthworm. Fig.3 is an engineering model of this earthworm vermiculation, with which a new in-pipe walking mechanism is tried to develop. The earthworm model shown in the figure is composed of five segments, but it is possible to make a similar model with three segments at least. At (a) in the figure the earthworm model is supported in a pipe with the first and fifth segments which are both thick and short. At (b) the fifth segment becomes thin and long, and the second segment simultaneously becomes thick arid short: then, the earthworm model is supported with the first and second segments which are thick and short. At (c) the third segment becomes thick and short, and the first segment simultaneously becomes thin and long. The erathworm model is then supported with the second and third segments, and walks forward by an amount which corresponds to the elongation of the first segment. At (d) the supporting segments transfer to the third and fourth segments, and the earthworm model walks forward more by an amount which corresponds to the elongation of the third segment. At (e) the supporting segments transfer to the fourth and fifth segments, and the earthworm model walks forward more by an amount which corresponds to tlle elongation of the third segment. Repeating these sequences of motion, from (a) to (e), the earthworm model continuously walks forward. Fig.4 shows a unit (segment) of the prototype of an earthworm-type walking mechanism (EWM). It is composedoff two metal plates connected with a1 flexible micro actuator (hereafter abbreviated to FMA) and four linkages with a projection, which is a leg as shown in the figure. An FMA is a rubber actuator, the inside of which is longitudinally divided into three chambers. The FM[A streches straightly or bends in an arbitrary direction through controlling the air pressures which are supplied to the three chambers simultaneously.
A Prototype of Earthworm-type Walking Mechanism
When the FMA streches straightly, the linkages of the unit also strech and then the legs spread outside and push the wall of a pipe as shown in FigS. When the FMA shrinks, the linkages also shrink and the legs are drawn inside. These motions are not same as but reverse to the motion of an earthworm, but an EWM composed of tihe three units can walk as shown in Fig.6 , similarly as described in the previous section. Fig.7 shows the prototype of the EWM composed of three units. It was designed to walk in a small straight pipe 20mim in diameter. The metal plates and the linkages were all made of alminum and the three units were adhesived to reduce the weight as much as possible. Also a piece of epoxy resin adhesive was plastered on each top of the Begs to prevent the slippage between the legs and the wall of a pipe. The length of the EWM is 8 3 " and the weight is 20g. Fig.8 shows the experimental apparatus to drive the prototype of the EWM. The compressor provided the air pressure of 0-0.35MPa, which was regulated by the compressor itself and the filterlregulator. The solenidl valves opened or shut the gates by which the air flow to the EMAS were controlled. The personal computer feeded a command to the pulse generator, which generated the on-off signals to switch the solenoid valves. The sequences of on-off signals for forward and backward motions are shown in Fig.9(a) and 9(b) .
Drive of the Prototype
The characteristics of the prototype are as follows:
(1) The size of an EWM was much reduced because of a simple structure, and has a large possibility to be used as a mechanism which is appropriate to small size pipes accordingly.
(2) The walking direction, forward or backward, can be easily changed by switching the sequences of the controlling sig- Fig. 12 shows the frequency response of FMAs, which were measured by an eddy current non-contact gap sensor: FMAs had large displacemants more than 2mm up to 20Hz. Fig. 13 shows the step response of an FMA when the air was shut. To deal with this step response theoretically, the following assumptions were placed: (1) a n M is the parallel combinaiton of a nonlinear spring and a damper, (2) the mass of an FMA is concentrated on the tip. The kinematic equation of an FMA is described as follows, where m and c mean the mass and the equivalent viscous damping coefficient of an FMA. The step response of an FMA was numerically calculated and the obtained curve was shown with the dashed line in Fig.13. 
Dynamic Characteristics
Driving Experiments 3.2.1 Walking Speed
Fig. 14 shows the measured and theoretical relations between walking speed and driving frequency. The provided air pressure were 0.25,0.30 and 0.35MPa. and the driving frequency was changed from 0 to 20 Hz. The measured maximum walking speed was 2.2mmlsec at 3.4Hz and 0.35MPa. Also, the measured speed decreased graduately in the driving frequency range higher than 5Hz. This is probably caused by the delay of the response of FMAs in the high frequency range, and the slippage between the legs of the EWM and the wall of a pipe. The difference between the forward and backward walking speed of the EWM is probably due to the influence of the tubes which feed the air to the FMAs. Fig. 15 shows the measured walking speed under a traction load. As clearly seen from the figure, the walking speed decreased as the traction load increased. Also, the walking speed rapidly decreased when the provided air pressure was decreased from 0.35MPa to 0.25Mpa. The obtained maximum traction load was 0.22N under an air pressure 0.35MPa.
Traction Load
\ 4 The Theoretical Analysis of walking Speed
The walking speed is represented as the displacement of the center unit of the EWM per time, since the EWM is composed of three units, as follows v = d X f (5) As clearly seen from the above equation, Uhe walking speed is proportional to the driving frequency; and the equation cannot explain the measured results that the walking speed decreased after 5Hz. The delay of shrinking of an FMA was hence taken into account to analyze the measured results, since the FMAs streched enough to drive the EWM over the wide range of driving frequency as shown in Fig.12 .
T/3, where T is the period of a driving pulse voltage, is assigned to shrinking of an FMA. When T/3 i s long enough to shrink, the FMA completely shrinks and the delay doesn't occur as shown in Fig. 16 . But if T13 is not long enough, the Fh.IA displacement practically effective to drive the unit, is given as follows:
The difference between d and d' is equal to the elongation of an EM4, which is determined by giving t=T/3 in the analysis of shrinking characteristics of an FMA as described in section 3.1.2.
From the above consideration, the walking speed of the EWM, which is derived under consideration of the delay of shrink, is given as The obtained walking speed is shown with a solic line in 5HZ: the locations of the measured and theoretical maximum walking speeds almost coincide with, though there is a little differrence between the peak values. The delay of shrinking of FMAs is thus a large factor that the measured walking speed decreased after 5Hz.
Conclusion
A new walking mechanism has been proposed for an in-pipe microrobot, and the effectiveness was verified from the walking experiments with a prototype of the EWM. The obtained results are as follows.
(1) The earthworm-type walking mechanism, which was designed following the walking DrinciDle of an earthworm. has been developed. The walking characteristics were measured driving a prototype of the earthworm-type walking mechanism in a small pipe 2 0 " in diameter. As the result, the maximum walking speed 2.2mmlsec was obtained at a driving frequency 3.4 Hz.
(2) The walking speed was theoretically analyzed taking account of the delay of shrinking of FMAs under the assumption that FMAs are a parallel combination of a nonlinear spring and a damper. The obtained result represents well the tendency of the measured walking speed, which decreased in a high driving frequency .
